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The loss  of K  and  gain  of Na  produced by  hypolytic concentrations  of 
methanol, ethanol, guaiacol, and resorcinol, as well as by hypolytic concentra- 
tions of other lysins, has been described as increasing with time in such a way 
that  what  appears  to  be  a  new  steady  state  is  approached asymptotically 
(Ponder, 1947 a, b, c).  In these experiments the curves relating K  loss to time 
seemed to approach  steady  states which are  functions of the concentration 
of lysin in the system; i.e., they seemed to have the properties of the curve 
marked  a  in  Fig.  1.  This  apparent  flattening-off to  an  asymptote which 
depends on lysin concentration leads to the hypothesis that an initially cation- 
impermeable  cell  membrane  becomes  cation-permeable  and  then  cation- 
impermeable again,  or to the hypothesis that the ion-restraining mechanism 
is something other than a  membrane (e.g., a  "metabolic pump"  or an "ion- 
binding"  mechanism).  An  extension  of  the  experimental  observations to 
cover much longer periods of time, together with a change in the point of view 
from which the situation is regarded, leads to a clearer picture of what occurs. 
1.  Cation Permeability  of Red Cells  Treated witk Resorcinol  and 
witk n-Butyl  Alcokol 
A suspension is prepared by washing the cells of freshly drawn heparinized human 
blood several times with sterile 172 m.eq./liter NaC1, and its volume concentration is 
adjusted to 0.4.  Sixteen ml. of this suspension, cooled to 4°C., is then added to 80 ml. 
of various concentrations of resorcinol (0.008 ~  to 0.048 ~s) dissolved in an isotonic 
l~aC1-NaH~PO4-Na~I-IPO4 buffer at pH 6.5,1 or of n-butyl alcohol (0.043 ~ to 0.172 K) 
in the same NaCl-buffer,  at 4°C.  The systems are kept at 4*C. in sterile 100 ml. 
cylinders; sedimentation is so slow in these vessels that occasional mixing by inversion 
is su~cient to keep the systems substantially homogeneous.  A system containing 16 
ml. of the suspension and 80 ml. of the NaCl-buffer is also kept at 4°C., so as to provide 
a system containing no lysin, with which the systems containing resorcinol or n-butyl 
alcohol can be compared. 
After various intervals of time (12 hours, 24 hours, etc.) 5 ml. of the system under 
observation is removed; the cells are thrown down, and the K content Kp of the super- 
x  The composition of this buffer (pH 6.6) is:  80 ml. of 1 per cent NaC1 plus 20 ml. 
of a buffer mixture consisting of 5 ml. of M/15 NaH~PO4 and 15 ml. of x¢/15 Na~HPO4. 
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natant fluid is measured as a fraction of the initial K content of the cells in 5 ml. of the 
system (KQ).  The values obtained are then plotted against time (Fig.  1). 
The three curves in Fig. 1 clearly tend to approach the abscissa as an asymp- 
tote, and plotting log 1/(l-K) against t  (inset of Fig. 1) shows that they do so 
exponentially.  2  They do not appear to flatten off to a  higher asymptote, as 
does the dotted  curve marked a, which  is an exponential curve approaching 
an asymptote at K  =  0.35.  It will  be noticed,  however,  that it would  be 
di~cult  to  detect  the  difference  between  the  course  of  the  dotted  curve  a 
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| .FIG.  I. Loss of  K  (ordinate)  as  a function of time,  from red  cells  of  a system con- 
taining different  quantities of resorcinol. Temperature, 4°C.  Values of k: 0.0032 
for  0.016 M resorcinol,  0.0074  for  0.032 ~i  resorcinol,  0.0145  for  0.048 ~r  resorcinol. 
and that of the experimental curve if observations were confined to periods of 
40 hours or less  (as they were in earlier experiments, Ponder,  1947 a). 
Although it is not shown in Fig. 1, the curve for the loss of K with time in the 
system  containing  isotonic  NaC1  should  be  considered  also.  This  curve 
should be included in the family of curves which show how the K  loss varies 
with time and as a function of the quantity of resorcinol in the system, for it is 
the member of the family for which the resorcinol concentration is zero.  Its 
course,  like  that  of  the  other  curves  of  the  family,  may be  described  by 
t  =  k.log 1/(1  -  K) 
To allow for the finite volume of the fluid surrounding  the ceUs, the calculations 
axe carried out with the position of the asymptote set at K  =  0.93  instead of at K  = 
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the value of k, however, being very snmll (0.001 or less).  It is not by any means 
certain, however, that the curve for the loss of K  into isotonic NaCI in which 
no lysin is present is of the same form as that of the curves shown in Fig. 1, 
and, more specifically, that a  new steady state, in which dK/dt  =  O, is not 
reached while the value of K  is still far from 1.0.  This is a point which must 
be left undecided in the meantime? 
It is only under special conditions that the properties of families of curves 
such as those shown in Fig. 1 can be demonstrated.  If the lysin is too active, 
the systems show appreciable hemolysis before the K  loss is sufficiently great 
to indicate the position of the asymptote to which the curves are proceeding. 
On the other hand, if the lysin does not produce a  large prolytic loss of K, 
the curve is so fiat that its asymptote is again uncertain, and it is very easy to 
make the mistake (Ponder, 1947 a) of thinlclug that it follows a course like that 
of the dotted curve a in Fig. 1, and that the rate of K  loss becomes zero while 
the cell K  still greatly exceeds that in the surrounding medium.  Families of 
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Values given are values of Kp, as a fraction of Ko, the initial K in the ceils. 
curves very similar to those shown in Fig.  1 can be obtained, however, for 
systems  containing lysins  such  as  guaiacol  or n-butyl alcohol,  and  typical 
values for K~ for systems containing the latter substance are shown in Table I. 
The simplest explanation for our being able to obtain families of curves such 
as these is that the human red cell is slightly permeable to K and Na even when 
8 Many of the curves described by Davson (1937) for the loss of K  from the red 
ceils of hypotonic systems seem to flatten-off towards new steady states  (like  the 
curve marked a in Fig. 1).  These observations were restricted to 10 hours or less. 
Davson accounted for their course by supposing that the red cell swells in the hypo- 
tonic medium, that it loses K  as its membrane is stretched, and that this loss of K 
is followed ~y shrinkage  with a  cessation  of further K  losses.  There is no direct 
evidence that the loss of K occurs during swelling only, and it would be interesting 
to know what the course of the curves for K loss would be if the Observations were 
extended to much longer times.  It is by no means unlikely that relatively steady 
states would be reached, in which case the problem would present some of the aspects 
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it is in isotonic NaC1 (or plasma), and that the permeability is increased by the 
presence of hypolytic concentrations of lysin.  In all cases the permeability, 
measured by the constant k, is a  function of the concentration of lysin, and it 
varies in the case of resorcinol from k -- 0.001 or less when c is zero to k  =  0.014 
when c is 0.048 ~.  So far as these results alone are concerned, the lysins may be 
thought of as modifying the ion-restraining  mechanisms of the cell in such a 
way as to create new pathways for the K-Na exchange,  the number of path- 
ways being a function of the  lysin concentration.  The ion-restraining mecha- 
nism  may  be  a  surface  membrane  or  ultrastructure,  a  metabolic pump, an 
ion-binding  mechanism  associated  with  the  close  and  orderly  arrangement 
of the  substances  in  the  cell interior,  or a  combination  of these;  4 if it  were 
settled that it consists of a  membrane exclusively, the idea of the creation of 
new pathways through it would be quite a  familiar one (the creation of more 
"pores"). 
Entrance of K  into Red Cells Which Have Previously Lost It.--Systems containing 
red ceils which have lost between 75 and 95 per cent of their initial K  into a NaC1- 
buffer containing resorcinol are obtained in the same way as in the previous experi- 
ments; i.e.,  by allowing the cells to stand exposed to the action of the resorcinol for 
various lengths of time (50 to 120 hours) at 4°C.  5  Four 10 ml. volumes of this ceil- 
resorcinol-NaCl-buffer system are transferred to four stout walled tubes.  The ceils 
4 The present position may be clarified  by pointing out that, so far as this  series 
of papers is concerned, the possibility of ion-restricting mechanisms other than a surface 
membrane arose because the K-Na exchanges were thought to slow down (as in curvea, 
Fig. 1) so that dK/dt became zero at a new steady state value forceil K and Na (Ponder, 
1947 b; cf. Davson, 1937).  In in vitro systems containing hypolytic concentrations 
of lysin, it is now doubtful if steady states other than that in which K  =  1.0 are ever 
reached; the cation-permeable ceils seem to exchange cations until  equilibrium is ar- 
rived at,  Again so far as these systems are concerned, it would be possible,  although 
not necessarily correct, to account for all the phenomena in terms of injury to, and 
increasing permeability of, an initially  slightly cation-permeable membrane.  This 
does not mean that it is no longer necessary to consider the possibility of there being 
other ion-restraining  mechanisms,  such as those associated with a  metabolic pump 
or with an orderly internal structure.  There is ample evidence that red cells,  both 
in vivo and in vitro, are not impermeable to cations and yet that substantially steady 
states are reached and maintained.  The normal state of the red ceil in plasma, with 
its unequal distribution of K  and Na, is one of these; other examples are to be found 
in the in vitro systems in which K  leaves or enters the cell in response to changes in 
temperature  (Harris,  1941),  or  in  association  with  the  development  and  relief  of 
acidosis (Guest,  1942). 
s The results of experiments similar to these have already been described in Ponder 
(1947 c) with the difference  that in the latter experiments the K losses from the cells 
of the systems were much smaller (about 30 per cent of the initial K  lost), and that 
the systems were not kept at 4°C. during the two periods of centrifuging. E~C  POm)ER  57 
are thrown down in each tube, and the K  content of the pooled supernatant fluids is 
determined as a fraction of K 0, the K  initially present in the cells.  The cells of the 
first tube are then packed for K  and Na determinations, as already described (Ponder, 
1947 b).  Ten ml. of isotonic KC1, buffered at pH 6.6, is added to each of the three 
remaining tubes, and after three suitably spaced intervals of time (usually 30 minutes, 
3 hours, and 15 hours) the cells are thrown down, packed, and their K  and Na con- 
tents determined. 
The invariable result of this procedure is shown in Table II, in which the K contents 
of the cells, in m.eq./liter, are given before and after a 30 minute exposure to isotonic 
KC1 at 4°C.  The K  gain during this 30 minute exposure varies from 18 to 24 m.eq./ 
liter, and is much larger than the amount of K lost by the cells during any 30 minute 
period of their exposure to isotonic NaCI containing resorcinol in the initial stages of 
the experiment, even though the K gradients (inside to outside during the period of K 
loss, and outside to inside during the 30 minute exposure to isotonic KCI) are com- 
parable.  After the first 30 minute exposure to isotonic KC1, the K gain becomes much 
slower; after 15 hours' exposure the K content of the cells is distinctly  less than K0, and 
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Values for K in cells given in m.eq./liter. 
the course of the curve relating K  gain to time, in so far as it can be judged from the 
comparatively few points which have been obtained on it, is such as to indicate that 
it would take a  very long time for the concentration of K  in the cells to reach the 
initial concentration K0; the course  of the curve, indeed, suggests that K0 is never 
reached. 
Very similar results are obtained with systems containing n-butyl alcohol.  Using 
a system in which the cells have been exposed to 0.086 u  n-butyl alcohol for 72 hours 
at 4°C., and in which 47 per cent of the initial cell K  is lost (Table I), one finds a gain 
of 13 m.eq./liter during a 30 minute exposure to isotonic KCI, and a further gain of 8 
m.eq./liter when the exposure is increased to 3 hours. 
The entry of K during the exposures to isotonic KC1 is accompanied by an exit from 
the cell of some of the Na which had entered the cell to replace the K  lost during the 
early part of the experiment.  The quantity of Na which leaves the cell during the 
exposure to isotonic KC1 is approximately the same as the quantity of 1~ which enters, 
just as the Natwhich enters during the early part of the experiment, when the cells are 
losing K  into isotonic NaCI, is approximately equal (sometimes a little greater than) 
the  amount  of  K  lost.  Throughout  these  experiments, the K  +  Na content  of 
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Taken in conjunction with the conclusion that all the curves of the families in Fig. 
1 and Table I approach the abscissa K  --  1.0 as an asymptote, these results confirm 
those previously  described  (Ponder,  1947 c) in showing that the rate of entry of K 
into red cells which have previously lost K is much greater than the rate of loss of K 
into isotonic NaC1 during  the early parts of the experiment;  there  is no longer any 
need, however, to distinguish between a portion of the cell K which is mobile and an- 
other portion which is not.  Now all the K and all the Na can be considered mobile, 
and their rate of escape from the cell or entry into it can be considered as regulated by 
the number of exchange pathways and by the value of k; one need distinguish  only 
between K which has exchanged for Na at the end of time t, and K which has not left 
the cell in exchange for Na at that time. 
There is more difficulty in accounting for the observation  that the rate of entry of 
K into cells which have lost it is greater than the rate of loss of K at any time during 
the early part of the experiment.  There is no indication that the value of the constant 
k increases with time during the early part of the experiment and while the cells are 
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losing K  into isotonic NaC1, but its value  may increase sharply when the cells are 
placed in isotonic KC1.  The rate of entry of K would then be more rapid than the 
rate of any preceding loss, and the observation  (Ponder,  1947 c, Fig.  1)  that the K 
which enters is relatively quickly lost when the cells axe again placed in isotonic NaCI 
is in favor of this explanation.  The increase in the value of k would correspond to the 
creation of additional pathways for a K-Na exchange, presumably as a result of further 
injury to the cell structure and to further modifications of the ion-restricting mechan- 
isms associated with the structure. 
2.  Volume Cl~anges 
The changes in the volume of the red cells in systems which show the large 
K  losses and Na gains illustrated in Fig. 1 and in Table I  can be followed by 
removing small  samples  of the  systems and  determining  the  volume of the 
intact  cells  in  Hamburger hematocrit  tubes,  as  already  described  (Ponder, 
1948). 
Even  almost  complete  K-Na  exchanges  are  accompanied  by  only  small 
volume changes provided that only small amounts of hemolysis occur in the 
systems.  This is illustrated in Table III, in which the cell volumes, expressed ~c  PO~CDv.R  59 
as V/Vo, are shown together with the K  losses after various lengths of time 
at 4°C. for systems containing 0.048 M resorcinol and 0.172 ~s n-butyl alcohol 
at pH 6.6.  In the system containing resorcinol, 99 per cent of the initial cell 
K  was found to be lost after 90 hours,  but there was only about 3  per cent 
hemolysis at the end of this  time, and  the largest value of V/Vo was  1.14. 
In the case of the system containing n-butyl alcohol, 85 per cent of the initial 
cell K  was lost after 90 hours;  there was less than 1.0  throughout the entire 
experiment.  Cations  can  accordingly  penetrate  sufficiently  to  allow  of  an 
almost complete K-Na exchange without any large increases in the cell volume 
occurring. 
The  situation  is  somewhat  different,  however,  when  the  systems contain 
quantities of resorcinol large enough to produce considerable hemolysis, as can 
be seen by comparing the first and the second rows of Table IV.  The first 
row  shows  the  volumes  V/Vo found  after various  times when  the  systems 
contain 0.048 M resorcinol.  In this concentration there is virtually no hemol- 
TABLE IV 
t 
30 rain.  5 hrs.  20 hrs.  30 hrs.  I  48 hrs  ~esorcinol  I  M 
p  i v/vo  p  v/vo  p  VlVo  t,  v/vo  I,  v/v, 
0.048  0  1.10  0  1.12  0  1.13  0  1.14  0  1.16 
0.096  2  !1.16  3  1.30  10  1.55  23  1.64  75  1.83 
ysis  (p  =  0) and, although the K  loss is almost complete after 90 hours (cJ: 
Table III), the volume changes are quite small (V/Vo =  1.10  to 1.16).  The 
second row shows the volumes V/Vo after various times in systems containing 
0.096  ~s  resorcinol.  In  this  concentration,  there  is  considerable  hemolysis 
(p =  75 per cent at the end of 48 hours), at least 70 per cent loss of K  at the 
end of 20 hours from the ceils which remain intact (cf. Ponder,  1948,  Fig.  1), 
and large progressive increases in red cell volume (V/Vo --  1.83  at  the  end 
of 48 hours).8,, 
e Systems  containing  resorcinol  are  particularly  suitable  for  the  investigation 
of these volume changes because the volume chahges in systems containing the higher 
hypolytic concentrations of resorcinol  (0.098 K)  are large as compared with  those 
which  occur in systems containing hypolyfic concentrations of most lysins.  In the 
case of saponin systems, for example, the cells begin to hemolyze when the volume 
reaches  1.2  V0. 
7 As might be expected, the shape of the cells is fairly well retained after 24 hours 
in 0.048 ~  resorcinol  at 4°C.;  it has already been remarked that these cells undergo 
disk-sphere  transformations and their reversal in much the same way as untreated 
cells do (Ponder,  1947 c).  The volume change in these systems is small (V/Vo = 
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These volume changes are not at all the same as those which would be ex- 
pected on the basis of the dual mechanism of hemolysis hypothesis or of the 
colloid-osmotic hemolysis hypothesis.  The unlimited swelling and hemolysis 
observed in higher  concentrations of n-butyl alcohol (Jacobs,  1947 a, b)  are 
certainly not a necessary consequence of cation permeability; it is more likely 
to be associated with a  disintegrating effect of the lysin on red cell structure 
(the second of the two effects discussed by Ponder (1948))2  It seems to be a 
mistake to use the assumptions of the dual hypothesis in an attempt to cover 
the events occurring in lysin-containing systems by the same rules as those 
which apply to many of the events occurring in simple osmotic systems. 
SUaCx¢  ~LRy 
The form of families of curves relating K  loss to time in systems containing 
hypolytic concentrations of resorcinol and  of n-butyl alcohol points  to  the 
human red cell's being slightly permeable to K  and Na  even when it is in 
isotonic NaCI (or plasma), and to the effect of the hypolytic concentrations of 
lysin being such as to increase this permeability. 
The rate of reentry of K  into red cells which have lost it is more rapid than 
the rate of the previous loss.  This may be due to the relmmersion of the lysin- 
treated cells in isotonic KCI producing further modifications of the ion-restrict- 
ing mechanisms associated with the red cell structure. 
The volume changes observed in systems which show the large K-Na  ex- 
changes produced by resorcinol and by n-butyl  alcohol are not the same as 
those which would be expected on the basis of the dual mechanism of hemolysis 
hypothesis or of the colloid-osmotic hemolysis hypothesis.  Extensive swelling 
of the red cells occurs only when the concentrations of lysin are large enough to 
produce considerable hemolysis. 
the other hand, are spherical; the volume increase in these systems is large (V/Vo  = 
1.6 or more).  The spherical  forms later become prolytic spheres which ultimately 
hemolyze. 
s The difference in viewpoint may be expressed by saying that the dual mechanism 
of hemolysis  hypothesis and the colloid-osmotic hypothesis state that the general 
"loosening-up" action of a lysin on the cell membrane results in (a) an increased per- 
meability to cations, and that this results in (i.e., is the cause of) (b) swelling and lysis: 
the effects (a) and (b) occur, as it were, in series.  The alternative picture presented 
here is that the general loosening-up  action of a lysin produces two effects, (a)  an 
increased cation permeability and (b) a swelling of the whole cell structure as a result 
of the lysin's diminishing the cohesive forces between adjacent parts of the cell struc- 
ture: the effects (a) and (b) are to be thought of as occurring, as it were, in parallel 
and as being due to a common cause.  The difference between the two points of view 
is quite important in relation to the model which one would select as best representing 
the red cell. EPIC PONDER  61 
APPENDrX 
This Appendix contains a summary of the results of a number of experiments which 
have been carried out to answer a variety of questions which have arisen in the course 
of these investigations on prolytic ion exchange.  The results are negative for the most 
part. 
1. Electrophoretic  Velocity  before and  after  K-1ga  gxckange.--The  electrophoretic 
velocity of human red cells before and after treatment with concentrations of ethyl 
alcohol and of resoreinol sufficient to bring about a 20 to 70 per cent exchange of K  for 
Na was measured in an Abramson vertical Cell, and the measurements did not demon- 
strate any change in velocity.  In these systems, some of the cells become crenated 
and even spherical after a time; the electrophoretic velocity of these was found to be 
the same as that of the discoidal cells of the system.  This result is in keeping with the 
observation that lysins in general do not affect the electrophoretic velocity (Abramson, 
Furchgott, and Ponder, 1939). 
The cells of systems containing hypolytic concentrations of ethyl alcohol and of 
resorcinol, when washed and resuspended in their own plasma, usually form rouleaux 
and sediment at substantially the same rate as untreated ceils do.  A decrease in the 
rate of rouleau formation and in sedimentation rate is observed only when the concen- 
tration of the lysin is sufficiently great and the duration of its action sufficiently long 
to produce many crenated or spherical forms; under these circumstances, the decreased 
rouleau formatidn can be attributed to the shape change, crenated and spherical cells 
being incapable of forming rouleaux. 
g.  Absence  of Hb  Denaturation.--Many  lytic substances  produce  contracture  of 
striated muscle with denaturation of myosin (Mirsky, 1938),  an observation which 
suggests that some of the effects of lytic substances; e.g., the prolytic K losses, may be 
associated with the denaturation of Hb.  Determinations of the O~ saturation of red 
cells before and after treatment with amounts of guaiacol and of resorcinol sufficient 
to produce from 30 to 60 per cent loss of the cell K after 24 hours at 4°C. did not reveal 
any differences, and so a denaturation of Hb in these lysin concentrations and at this 
temperature is excluded. 
It is not possible, however, to exclude a  denaturation of stromatin or of an Hb- 
stromatin complex, if such exists.  It has already been suggested that the normally 
small cation permeability of red cells can be greatly increased by certain agents which 
denature proteins; of these n-butyl alcohol is one (Jacobs 1947 a,b). 
3.  Temperature  Effects.--It  is conceivable that the human red cell at 4°C. is in a 
different metastable state from that in which it exists at 25°C. or at 37°C., and that 
the relative absence of swelling in the presence of large ion exchanges is peculiar to red 
cells at low temperatures.  This interesting possibility remains to be fully explored, 
but experiments conducted at 25°C. show that large cation exchanges, accompanied 
by considerable but limited swelling, occur in very much the same way at 250C. as they 
do at lower temperatures.  In 0.048 ~r resorcinol, the prolytic K  losses tend to be 
smaller at 250C. than they are at 4°C. (as they also are in systems containing saponin, 
Ponder, 1947a), and the volume increases also tend to be smaller.  There is, however, 
an increase in the amount of hemolysis observed after long times (48 to 96 hours). 62  PROLYTIC  LOSS  O~F  K  PRODUCED  BY  ALCOHOLS 
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